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During natural infection in humans, liver cells constitute one of the main targets of dengue
virus (DENV) replication. However, a clear understanding of dengue pathogenesis remains
elusive. In order to gain a better reading of the cross talk between virus and host cell
proteins, we used a proteomics approach to analyze the host response to DENV infection
in a hepatic cell line Huh-7. Differences in proteome expression were assayed 24 h
post-infection using label-free LC–MS. Quantitative analysis revealed 155 differentially
expressed proteins, 64 of which were up-regulated and 91 down-regulated. These results
reveal an important decrease in the expression of enzymes involved in the glycolytic
pathway, citrate cycle, and pyruvate metabolism. This study provides large-scale
quantitative information regarding protein expression in the early stages of infection that
should be useful for better compression of the pathogenesis of dengue.
Biological significance
Dengue infection involves alterations in the homeostasis of the host cell. Defining the
interactions between virus and cell proteins should provide a better understanding of how
viruses propagate and cause disease. Here, we present for the first time the proteomic
analysis of hepatocytes (Huh-7 cells) infected with DENV-2 by label-free LC–MS.
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17J O U R N A L O F P R O T E O M I C S 1 1 1 ( 2 0 1 4 ) 1 6 – 2 91. IntroductionDengue ranks as the most important mosquito-borne viral
disease in theworld, with an estimated of 67 to 136 million new
clinical cases, andmanymore non-clinical infections, annually
[1]. Human infection with dengue virus (DENV) may be either
asymptomatic or cause clinical symptoms, ranging from amild
flu-like syndrome known as dengue fever (DF), to the most
severe forms of the disease: dengue haemorrhagic fever (DHF)
and dengue shock syndrome (DSS). DHF and DSS can result in
death due to leaking plasma, fluid accumulation, respiratory
distress, severe bleeding, and organ impairment [2]. Currently,
no specific therapies or vaccines are available.
Dengue viruses belong to the Flaviviridae family, and exist
in nature as four different antigenic groups or serotypes
(DENV1 to 4). DENV is an enveloped virus with a positive-
sense single-stranded 11Kb RNA genome, coding for a poly-
protein precursor of approximately 3400 amino acids, cleaved
into three structural (capsid, C; precursor membrane and
membrane, prM/M; envelope, E) and seven non-structural
proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5) [3].
Dengue viruses access the cytoplasm of the host cell through
receptor-mediated endocytosis [4]. In hepatocytes, many mole-
cules have been proposed as receptors, such as heparan sulfate
[5], 37/67-kDa high-affinity laminin [6], glucose-related protein-
GRP78 (BIP) [7], and lymph node-specific ICAM-3-grabbing
integrin (L-SIGN) [8]. Once inside the cell, replication of DENV
occurs inside virus-induced membrane vesicles in the endo-
plasmic reticulum (ER) [9], which then bud off the ER and are
transported through the trans-Golgi network, where they
mature and form infectious particles [3].
The tropism of DENV is widespread. The primary sites
of productive infection in humans are immune cells of the
myeloid lineage (dendritic cells, monocytes and macrophages)
[10] and hepatocytes [11]. The liver is involved in DENV
infections in humans and mouse models [12,13]. Patients with
severe dengue present hepatomegaly and high levels of serum
transaminase. Also, different hepatic cell lines have been
shown the relative permissiveness to DENV infection [14].
Different gene expression profiling studies in response
to DENV infection have revealed up/down regulation of genes
involved in the NF-Kβ immune response, the IFNα/β network,
and the ubiquitin proteasome pathway [15,16]. However,
few proteomic analyses have been conducted in order to study
the cellular response to DENV infection. Studies using two-
dimensional electrophoresis combined with mass spectrometry
(2D-MS) have shown that some proteins are differentially
expressed in the hepatoma cell line HepG2 [17,18], insect cells
[19–21], and in blood samples of patients [22]. Yet, these
traditional proteomics approaches are limited in their dynamic
range and reproducibility [23].
Recently, the interactome of DENV and host proteins
was studied using a yeast two-hybrid screening (Y2H) [24–28].
However, the role of these interactions during the infection
was only analyzed for 12 proteins, reporting that calreticulin
(CALR), ATP-dependent RNA helicase (DDX3X), rab6-interacting
protein 2 (ERC1), golgin-95 (GOLGA2), thyroid receptor-interacting
protein 11 (TRIP11), and SUMO-protein ligase (UBE2I) caused
inhibition of virus replication [24].The dengue virus genome encodes ten proteins that
permit the exploitation of the host cell machinery in order
to complete the infectious cycle and generate viral progeny.
In recent years, studies have identified many host changes
that occur in response to DENV infection, including the
induction of different anti-viral pathways such as interferon
responses, apoptosis, endoplasmic reticulumstress, autophagy,
lipid metabolism, proteasome system, and RNA interference
[29,30]. However, it is still poorly understood which proteins are
involved in these cellular responses to dengue infection, and
the directional changes in protein expression, which may be
specific to cell type. In part, this limitation is related to the lack
of a suitable animal model and the wide range of cell types
capable of being infected by DENV.
In this work, we use a proteomic approach based on
label-free MS to identify and quantify the changes in protein
expression that result from DENV infection in hepatic cells.2. Materials and methods
2.1. Cells
Huh-7 cells, from a differentiated hepatocyte-derived carci-
noma cell line were kindly provided by Dr. Rosa María del
Ángel (CINVESTAV-Mexico). Cells were grown in Advanced
Dubelco Modified Eagle Medium (DMEM advance, Invitrogen,
Life Technologies), supplementedwith 5% fetal bovine serum
(FBS), in humidified atmosphere 5% CO2 at 37 °C. Baby hamster
kidney-21 (BHK-21) cells were cultured in Eagle's minimal
essential medium (MEM) (Invitrogen, Life Technologies-
Thermo Fisher Scientific, USA), containing 10% FBS at 37 °C,
5% CO2. Aedes albopictus C6/36 insect cells were grown in MEM
supplemented with 10% FBS at 28 °C.
2.2. Virus growth
The virus used in this study (DENV-2 strain Yuc18110) was
isolated from a patient with DHF during a dengue epidemic
that occurred in 2007 in Merida, Mexico. Dr. Ma. Isabel Salazar,
of the National Polytechnic Institute, Mexico, provided the
virus strain. Propagation of DENV-2 was carried out in Balb/c
suckling mice brains, as described previously [31]. Viral stock
was obtained by inoculating a monolayer of C6/36 cells. Briefly,
monolayer of C6/36 was infected at multiplicity of infection
(MOI of 0.1); after 5 days, the medium was harvested, cleared
from cellular debris by low speed centrifugation, aliquoted, and
stored at −80 °C.
2.3. Viral titers
Dengue viral titers were determined by plaque assay on
confluent monolayers of BHK-21 cells, grown in 24-well plates,
and cultured in MEM, as described previously [32]. Briefly,
when the adherent BHK-21 cells reached 80% confluence,
0.25 ml aliquots frommice brain homogenates or cell superna-
tants from dengue virus-infected C6/36 cells were inoculated
with 10-fold serial dilutions. After 2 h of viral adsorption, the
BHK-21 cell monolayers were overlaid with MEM containing 2%
carboximethil-cellulose (Sigma-Aldrich, St. Louis, USA), 0.5%
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37 °C for 6 days and then the cells were fixedwith 10% formalin
and stained with 0.5% naphthol-blue-black (Sigma). The viral
titerwas expressed as thenumber of plaque formingunits (PFU)
per milliliter.
2.4. Infection assay and monitoring
Confluent monolayers of Huh-7 cells in 25-cm2 tissue culture
flask (3 × 106 cells)were infected for 2 h at 37 °C at amultiplicity
of infection (MOI) of 0.1, 1, or 5, diluted to reach a final volume of
1 ml. Following inoculation, cells were washed twice with PBS
to remove any unbound virus. After 2 additional washes with
PBS, 5.0 ml of medium was added to each flask and cells were
incubated at 37 °C for 6, 12, 24 and 48 h. At this time, media
were removed and the infected cells were analyzed by reverse
transcriptase PCR and flow cytometry.
2.5. Reverse transcription-polymerase chain reaction (RT-PCR)
RNA from mock-infected or infected Huh-7 cells was extracted
usingTrizol reagent (Invitrogen Life Technologies), following the
manufacturer's instructions. Five micrograms of the total RNA
was used to produce cDNA, using Random hexamer primers
(Hoffmann-La Roche Ltd., Switzerland) under conditions sug-
gested by the supplier. For the PCR, 1 μl of cDNA was used to
amplify a region of 266 nucleotides at the protein NS5 with the
primers:mFU1 (TACAACATGATGGGAAAGCGAGAGAAAAA)
and CFD2 (GTGTCCCAGCCGGCGGTGTCATCAGC),which has
been used for DENV detection in other studies [33]. Amplifica-
tion involved an initial cycle of 5 min at 94 °C for polymerase
activation, followed by 30 cycles of 30 s each at 94 °C, 60 °C, and
72 °C, with a final extension stage of 7 min at 72 °C. Following
amplification, a 5 μl portion of each product was analyzed by
applying agarose gel electrophoresis, utilizing 1.0% agarose gel.
Dengue amplicon (266 nucleotides) was cloned in pMosBlue
following the supplier's instructions (GE Healthcare Life
Sciences) and used as a positive control for RT-PCR.
2.6. Flow cytometry assay
After 24 h post-infection, 1 × 106 cells were harvested and
fixed with 4% paraformaldehyde in cold PBS for 30 min at
4 °C. After fixation, cells were permeabilized for 20 min at 4 °C
with 0.2% saponin–PBS and then blocked with 10% FBS–PBS
for 30 min at 4 °C. At the end of each stage, cells were washed
once with cold PBS. Cells were stained with mAb 4G2
(anti Flavivirus group) for 1 h at 4 °C as the primary antibody,
followed by an FITC-conjugated goat anti-mouse IgG mAb.
Finally, cells were washed, resuspended in PBS, and assayed
by fluorescence activated cell sorting (FACS) in a FACSCalibur
(BD Immunocytometry Systems). Results were analyzed with
Flowing software 2. Three thousand events were counted per
sample in three independent trials.
2.7. Cell lysis and protein extraction
Three millions cells were lysed for each independent exper-
iment. The TRIzol method was used for protein extraction,
following the manufacturer's protocol (GE Healthcare LifeSciences). Briefly, 0.2 ml of chloroform was added per 1 ml of
TRIzol. The aqueous phase containing the RNA was removed,
whereas the interface and thephenol phase containingDNAand
proteins were retained. DNA removal was achieved by precipi-
tation with 100% ethanol (0.3 ml per ml of TRIzol). Supernatant
was collected and proteins were isolated by precipitation with
isopropyl alcohol and 1.5 ml of isopropanol/ml of TRIzol. Protein
pellets were resuspended in 25 mM ammonium bicarbonate
buffer containing 6 M guanidine HCl as well as protease and
phosphatase inhibitors (Hoffmann-La Roche Ltd., Switzerland).
In order to calculate the total protein for the mass spectrometry
experiments, three experimental replications were conducted
using infected (MOI = 1) and mock-infected Huh-7 cells at 24 h
post-infection.
2.8. Reduction/alkylation, and in-solution digestion
The amount of protein was determined using the 2D Quant kit
(GE Healthcare Life Sciences), following the manufacturer's
instructions. Subsequently, 10 mM DTT (dithiothreitol) was
added to each sample and these were incubated for 30 min at
56 °C in order to reduce cysteine side chains. Iodoacetamide
was then added to the samples at a concentration of 4.2 mM
and these were incubated for a period of 45 min in the dark
at 21 °C in order to alkylate the cysteine side chains. The
samples were then diluted 6-fold with 25 mM ammonium
bicarbonate to reduce guanidine HCl concentration to 1 M, and
subsequently 2% (w/w)modified trypsin (Promega,Madison,WI)
was added. The pH was adjusted to 8.0 with 250 mM ammoni-
um bicarbonate, and the samples were incubated for 12 h at
37 °C. Digestion efficiencywas checked by LC–MS/MS of aliquots
from the digests, containing 0.5 μg of the initial protein amount,
desalted byusing μ-C18- ZipTips (WatersCorporation,MA,USA),
following the manufacturer's instructions.
2.9. Desalting of digested proteins
Digests were desalted using a MAX-RP Sep Pak classic
C18 cartridge (Waters Corporation, MA, USA), following the
manufacturer's protocol. Briefly, the cartridges were condi-
tioned with 70% acetonitrile (MeCN) and 0.1% TFA and then
washed twice with 10 ml of 0.4% TFA in water. Next, the
previously acidified samples were loaded onto the column
and the adsorbed material was washed with 0.4% TFA in
water at 10 times the volume of the resin. The peptides were
eluted three times with 0.5 ml of 70% MeCN, 0.1% TFA. The
solvent was vacuum evaporated until dry and the peptides
were then resuspended in 0.01% formic acid for mass
spectrometry analysis.
2.10. LC–MS/MS
Digests were analyzed by nano-flow high-performance liquid
chromatography (HPLC)–electrospray tandemmass spectrome-
try (LC–MS/MS). The digests were separated by nano-flow liquid
chromatographyusing a 75-μm × 150-mmreverse phase 1.7 μm
BEH 130 C18 column (Waters) at a flow rate of 600 nL/min in a
NanoAcquity™ Ultra Performance UPLC system (Waters).
Mobile phase A was 0.1% formic acid in water and mobile
phase B was 0.1% formic acid in acetonitrile. Following
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digest (5 μl corresponding to 0.5 μg of total protein) was
injected, then the organic content of the mobile phase was
increased linearly to 40% over 150 min, and then to 50% over
1 min. The column effluent was directed to a nanospray ion
source and attached to a hybrid linear ion trap-Orbitrap
mass spectrometer (LTQ-Orbitrap Velos, Thermo Scientific,
San Jose, CA). Peptides were analyzed in positive ion mode
and in information-dependent acquisition mode to automat-
ically switch between MS and MS/MS acquisition. MS spectra
were acquired in profile mode using the Orbitrap analyzer in
the m/z range between 350 and 1500 at 60,000 resolution. For
each MS spectrum, the 6 most intense multiple charged ions
over a threshold of 1000 counts were selected to perform CID
experiments. Product ions were analyzed on the linear ion trap
in centroid mode. The CID collision energy was automatically
set to 35%. A dynamic exclusion window of 0.5 Da was applied
that prevented the same m/z from being selected for 45 s after
its acquisition.
2.11. Data analysis
Skyline software was used for chromatographic ion extraction
and for obtaining respective peak areas. Next, from both
infected and control triplicated data of peak areas, probabilities
associated with the Student's t-test were calculated and only
groups with p-value <0.01 were considered statistically signif-
icant. Subsequently, the triplicate values from each group were
averaged and the intensity quotients (infected/mock-infected)
manifesting a fold-change below −2 and greater than +2 were
considered to express differentiation [34]. Finally, we used
Volcano plot to visualize changes in protein expression with
double filter criterion. Volcano plot was constructed using
the negative log of the p-values on the y-axis (base 10) where
the data points with low p-values (highly significant) appear
on the top of the plot. On the x-axis the values of log2 of the
fold-change between the infected and mock infected are
plotted [35]. In Table S2 proteins with p-value below 0.01 are
selected and the peptides, which change fold did not surpass
two times the areas of the respective controls, were removed
from the list. In the second step, identical peptide quotients
belonging to the same protein were averaged. Finally, different
peptides belonging to the same protein were also averaged and
the fold-change was determined [36].
Gene Ontology annotation for biological process and biolog-
ical function were obtained from the gene ontology project
using Panther and David bioinformatics resources [37]. Protein–
protein interaction networks were obtained by using the String
9.1 database [38].3. Results
Human infection by DENV is a complex process, which involved
many cellular proteins in different type of specialized cells. Using
quantitative proteomics,we set out to identifywhichproteins are
up/down regulated during DENV infection in hepatic cells.
To obtain further information regarding hepatocyte pro-
teome changes in the context of DENV infection, we infected
Huh-7 cells with DENV-2 at MOI of 1, and evaluated theprotein expression changes at 24 h post-infection (hpi), a period
that represents the end of the first viral life cycle [15]. TheHuh-7
cell line is derived from hepatocytes, which represent a target
cells during natural DENV infection. These cells have been used
inprevious studies of dengue-host cell interaction [24,39–41]. To
determine the virus infection, twomethodswere used: analysis
of the viral genome replication and flow cytometry (Fig. 1). RNA
expression of viral protein NS5 was detected by PCR after 6 hpi
to 48 hpi (Fig. 1A). To choose the better conditions of infection,
Huh-7 cells were infected with three different MOIs (0.1, 1 and
5). FACS analysis showed that 13.9% of cells were infected at
MOI of 1 and 24hpi (Fig. 1B), consistentwith a previous report in
the same cell line [41] and in other hepatic cells HepG2 [15,42]. In
our hands, the percentage of cell infected was similar using
different MOI (O.1, 1 and 5), suggesting that the MOI has not an
effect in increasing the infection during the first cycle of virus
replication. This observation needs to be future analyzed. The
cellular viability of mock infected and infected cells was
evaluated using Trypan blue dye exclusion assay. We obtained
about 96% of cell viability in both samples (data not shown).
To generate comprehensive and accurate data, we used
three independent experimental replicates. Equal tryptic
peptides amounts (0.5 μg) of the mock-infected and infected
Huh-7 cells were used for LC–MS analysis. Fig. 2 presents two
series of three TIC (Total Ion Current) chromatograms
obtained from LC–MS/MS analysis for each cellular condition:
mock-infected cells used as control (A), andHuh-7 cells infected
with DENV (B). The chromatographic profiles (retention time vs.
relative abundance) of control and infected samples are similar.
However, significant differences become evident when some
specific peak areas are compared. All precursor ion areas were
extracted by applying the Skyline 2.1 program from .pep files
generated by the Protein Prospector program, which identified
7257 peptides and 2300 proteins (Table S1, Supplemental
material). Fig. 1S (Supplemental material) indicates the areas
of one specific peak constructed by the Skyline program and its
isotopic distribution areas, including both infected and control
series in triplicate. This example clearly indicates the increment
in area, corresponding to the infected triplicate series.
Scatter plots for all peak area measurements for peptide
ions identified in control and DENV infected Huh-7 cells
proteins for 3 replicates are narrow in both data sets analyzed.
Seventy percent of all ions indicated that RSD values were less
than 55%, across all three biological replicates, confirming the
reproducibility of the method (Fig. 2S).
All triplicate areas from both control and infected data set
were also compared by calculating the probability (p-value)
associated with Student's t-test and all values below 0.01
were considered unlikely to be equal. Table S2 (Supplemental
material) presents the entire list of peptides, whose expression
was modified and the corresponding list of up and down-
regulated proteins. Based on calculated probability values, 271
peptides were initially selected and when a double change-fold
restriction was applied, the list of peptides was reduced to 227.
After assigning different peptides, which belong to the same
protein, 155 different proteins showed significant change in
terms of their expression levels, following infection with DENV.
In cases where more than one peptide was identified for each
protein, an average was determined for area variation. For
optimum display and visualization, the double fold change for
Fig. 1 – Monitoring DENV-2 infection in Huh 7 cells. A) Viral genome replication. Agarose gel electrophoresis of PCR products
amplified with specific primers for NS5 gene (266 pb). Lane 1: DNA marker (50 bp—Fermentas); lane 2: positive control; lane 3:
negative control (RT-PCR) mix; lane 4: mock-infected cell; lane 5 to 8: DENV infected cell (MOI of 1) at 6, 12, 24 and 48 hpi,
respectively. B) Percentage of Huh-7 cells infected with DENV-2 by flow cytometry. The mock infected and infected cells were
stained with monoclonal antibody 4G2 and analyzed by flow cytometry. The percentage of infected cells at MOI of 0.1, 1, and 5
is showing in the figure. The x- and y-axes indicate the fluorescence intensity and relative number of cells, respectively. All
data were obtained from three independent experiments and reported as the mean.
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quotient (infected/control) between both triplicate averaged
series of the 7257 peptides against respective p-values is
presented in Fig. 3, as a Volcano plot, statistically restricted by
a 0.01 p-value line, at 2.0 (y axis-log10). Statistical comparison of
the mock infected and infected samples showed a total of 155
different proteinswith significantly altered expression inHuh-7
hepatocyte cells in response to infection. Of these, 64 proteins
were up-regulated while 91 were down-regulated (Table S3).
These proteins were categorized according to the GOmolecular
functional groups, using Panther software. Themainmolecular
functional groups of proteins that significantly modified
their expression levels included catalytic proteins (36%),
binding proteins (32%), structural proteins (17%), enzyme
regulator proteins (5%), transcription regulator proteins (4%),
transporter proteins (3%), translation regulator proteins (2%)
and ion channels proteins (0.75%) (Fig. 4).
Protein networks were generated by String 9.1 software; 182
protein interactions were detected from 155 altered human
proteins, using the confidence mode (score >0.7). Interaction
nodes such as those constituted by mRNA processing proteins
(dashed-line circle in blue), translational initiation regulators
(dashed-line circle in green), ribosomal proteins (labelled with a
green asterisk on a continuous-line circle in green), tight junction
proteins (labelled with a brown asterisk on a continuous-line
circle in brown), and proteins involved in three different
types of carbohydrate metabolism, such as glycolysis, citrate
cycle and pyruvate metabolism (labelled with a red asterisk
on a continuous-line circle in red), are clearly observed in the
interacting string plot (Fig. 5A). The eight main pathways
identified by String software in the KEGG (Kyoto Encyclopedia
of Genes and Genomes) database are listed in the Fig. 5B.According to DAVID functional classification, the top net-
work functional clusters obtained by enrichment score basedon
Fisher's test showed that 102 proteins of the total (155 proteins)
are associated with nuclear RNA splicing, nucleoside binding,
monosaccharidemetabolic process, amidohydrolase1, negative
regulation of apoptosis, tRNAmetabolic process, tubulin among
others (Fig. 6 and Table S3). Interestingly, the analysis of
networks using STRING and KEEG analysis showed that
proteins of TCA cycle, glycolysis/gluconeogenesis, and pyruvate
metabolism were the most significantly altered set of host
biological pathways (Fig. 5).
Finally, the analysis of our data showed a subset of proteins
only in one condition (mock infected or infected). Here,
we reported the proteins that were identified in the three
replicates. In the mock infected, J3QKR0, H0YID2, K7EKS1,
Q16890-4, B4E318, A6NJ11, and Q14157-4 were found; and in
the infected conditions, H7C4M9, I3L0X9, B3KY43, Q9UHS8,
B2RB33, and B4E2B6 were found. However, the majority of
these proteins are derived from an Ensembl automatic analysis
pipeline and should be considered as preliminary data. Scrutiny
of the viral proteins in infected cells showed different peptides
belonging to Dengue virus 2 polyprotein.4. Discussion
Human infection by DENV involves a complex molecular
network between cell and viral proteins. The function of viral
proteins is fairly well documented [43]. However, little is
known about how the infectious process affects protein
expression. In order to obtain information concerning host–
pathogen interactions at a systems level;we used a quantitative
Fig. 2 – Total ion current (TIC) chromatogram profile of the LC–MS/MS analysis performed using tryptic peptides obtained by
digestion of total Huh 7 cell proteins. (A) Triplicate TIC chromatograms of uninfected Huh 7 cell proteins digested with trypsin,
which were used as controls. (B) TIC chromatogram of tryptic peptides generated by digestion of total proteins extracted from
Huh 7 cells infected with DENV.
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the impact of DENV-2 infection on the proteome of human
Huh-7 cells.
Numerous cell lines have been studied in vitro in order to
reveal their relative permissiveness for DENV infection,
including hepatocyte cell lines [14,15]. However, it is not clear
which among them represents the most appropriate model
to analyze host cell response, and the data available in the
literature regarding the percentage of cell infection is contro-
versial. For example in HepG2 hepatic cell line, some authors
reported 80% of infection [17] while others reported 10% using
the same infection time and methodology [15,42]. Herein, weused Huh-7 cell line and only 13.9% of the cells were infected at
24 hpi, using MOI of 1. This is different from Pattanakitsakul
S. et al. [17], but it is in the same range as that reported by
Nasirudeen et al. [41]. Although the percentage of infection
was on the low end, the experimental setup was sufficient
to provoke detectable changes in protein expression levels,
applying the described methodology.
Among different methodologies used for relative quantifi-
cation of proteins, the use of label-free LC–MS has increased
in recent years due to low analytical cost, the elimination of
time-consuming stages for labelingproteins or peptides and the
unlimited number of experiments available for comparison.
Fig. 3 – Volcano plot of peptide areas, extracted by Skyline software from triplicate LC–MS/MS data set. Total proteins of Huh 7
(control) and Hug 7 cell infected with dengue virus (sample) were digested with trypsin. X axis shows the log2 of fold-change of
the quotient infected/control, whereas the y axis shows the − log10 of the calculated probability (p-value), associated with
Student's t-test. Above the line at y axis 2.0 indicates statistically significant (p < 0.01).
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is crucial for achieving a successful label-free quantification
[36,44].
Our proteomics results revealed that DENV infection induces
change in expression of 155 cellular proteins (Table S4). The
most altered proteins in response to DENV infection were theion channel acvity 
0.5% (1)
transporter acvity 
3% (6)
receptor acvity 
0.5% (1)
structural molecule acvity 
17% (33)
binding
32% (62)
Fig. 4 – Categorization bymolecular function of differentially expr
software. The pie graph demonstrates that among 155 differentia
and binding activities.up-regulated Pyrroline-5-carboxylate reductase 1, mitochon-
drial (PYCR1) with 8.87 fold-change and the down-regulated
heterogeneous nuclear ribonucleoprotein H (hnRNPH1) with −
5.3 fold-change. PYCR1 is a housekeeping enzyme that cata-
lyzes the last stage of proline biosynthesis and is involved in
the cellular response to oxidative stress [45]. This finding istranslaon 
regulator acvity 
2% (4)
transcripon regulator 
acvity 
4% (4)
enzyme regulator acvity 
5% (9)
catalyc acvity 
36% (71)
motor acvity 
0.5% (1)
essed proteins in infected Huh-7 cells by DenV, using Panther
lly expressed proteins; the majority are clustered in catalytic
KEGG Pathways - Log10(p-value) n Gene Name
Citrate cycle (TCA 
cycle)* 1.61
5 CS, ACO2, DLD, 
ACLY, PDHA1
Glycolysis/Gluconeo
genesis* 1.45
6 PDHA1, DLD, PGK1, 
GAPDH, ADH5, 
PKM2
Pyruvate
metabolism* 1.45
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Fig. 5 – Visualization of protein–protein interaction network by String 9.1 using 155 proteins from Huh 7 cells with altered
expression after infection with DENV. (A) Solid line circles in red, brown and green surrounding the interactions nodes show
proteins (with asterisk*) that besides interaction belong to the same metabolic pathway. Proteins inside dashed line circles
(blue and green) are members of specific families involved in virus infection and replication. (B) List of proteins sharing
interactions (String) and metabolic pathways (KEGG database).
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infection induces oxidative stress as well as apoptosis in
host cell and patients [46,47]. The hnRNPs are RNA binding
proteins that form a complex with heterogeneous nuclear
RNA and can influence pre-mRNA processing. Recently it has
been reported that DENV infection induces up-regulation of
hnRNPH and PDIA3 at 72 hpi, and the functional analysis
revealed that these proteins promote DENVmultiplication by
suppressing TNF-α production in human monocytic THP1
cells [48]. Likewise, Kanlaya et al. found five forms of hnRNPs
up-regulated in human endothelial cells upon DENV infec-
tion. The authors report that vimentin interacts with hnRNPs
and dengue NS1 protein and plays a crucial role in replication
and release of dengue virus [49]. Here, we found down-
regulation of hnRNPC, hnRNPH, hnRNPA2B1, PDIA1, and PDIA6
and up-regulation of hnRNPU (node ofmRNAprocessing, Fig. 5).
This difference in the directional change of expression may be
due to the use of a different cell type and/or the infection time
used before analysis.
Viruses are intracellular parasites that are dependent on
the host cell functions for their survival. Lacking their own
translational apparatus, they must recruit cellular ribosomes
in order to translate viral mRNAs and produce the protein
products required for their replication. In this work, we report
several ribosomal proteins whose expression is altered in
DENV infection, including RPS7, RPL4, RPL15, RPL7A, RPL23p,
RPL8, and RPN2. In addition, we found that initial translational
regulators, EIF2α (eukaryotic initiation factor 2 subunit 1 alpha)was up-regulated while the EIF4A1 (eukaryotic initiation factor
4A-I) and PABPC1 (polyadenylate-binding protein 1), were
down-regulated. We also found that the translation elongation
factor EEF1A1 (elongation factor 1-alpha 1) was up-regulated.
Previous reports indicated that EEF1A1 acts as an activator
of SphK1, a lipid kinase that regulates cell survival and the
inhibition of sphK1 during DENV infection, increases cell death
[50]. Also, EEF1A1bound to 3′UTRRNAgenomeofDENVand can
operate as RNAhelicase [51]. On the other hand, this proteinhas
been reported as possible receptor to DENV in salivary glands of
mosquito [52]. Here, we report a set of novel proteins from
Huh-7 cells implicated in protein biosynthesis, which had not
been previously reported in DENV infection (Table S3). The
above results suggest that infectionmodulate protein synthesis
at different levels and these proteins may function with
non-traditional activities.
DENV infection induces ER stress in different cell lines,
including HepG2 hepatic cells [42,53,54]. Perturbations in
ER functions activate different cellular pathways and cause
the unfolded protein response (UPR). Under controllable ER
stress, the UPR promotes cell survival, while under unsolved
stress conditions induces cell death. The central mediators of
the ER stress response are GPR78 and the phosphorylation
of eIF2α, which promotes the selective genes translation,
principally those involved in regulation of apoptosis and
chaperone function [55]. Despite that UPR is activated during
DENV infection, translation of cellular or viral proteins is not
attenuated [56]. In concordance with previous reports [42,57],
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9
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Fig. 6 – Functional annotation clustering of the 155 differential expressed proteins from Huh 7 cells after DENV infection using
David database. X axis represent the log2 of the quotients values found from infected/mock areas determined by label-free LC–MS
analysis. The protein groups from each biological processes are labeled by random color assignments and the bars may be
displayed in positive and negative values (log2) depending on up/down regulation.
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work revealed other chaperones: CCT7 was up-regulated
while HSPB1, HSP90, HSPA9 and HSPE1 were down-regulated.
Although apoptosis of hepatocytes has been detected in vivo
and in vitro in response to DEN infection, the mechanism is
not completely understood [40,58,59]. Recently, it has been
demonstrated that DENV induces CD137 signaling to enhance
apoptosis by increasing TNF-α production via activation of p38
mitogen-activated protein kinase (p38 MAPK) [59]. In this work,
we report 11 proteins involved in the negative regulation of
apoptosis (Table S3). These results could indicate that during
the first life cycle, the virus modulates molecular mechanisms
to preserve the cell alive until a checkpoint where the integrity
of the cell is no longer needed. Nevertheless, further studies on
these proteins should be performed to understand the complex
balance between UPR, and apoptosis, during DENV infection.
Interestingly, our results show that biological pathways
associated with energy metabolism are the most affected
during DENV infection (Fig. 5). We found decreased expres-
sion of enzymes ACO2 (aconitate hydratase, mitochondrial),
DLD (dihydrolipoyl dehydrogenase, mitochondrial), ACLY
(ATP-citrate synthase), PDHA1 (pyruvate dehydrogenase A1),
PGK1 (phosphoglycerate kinase 1), ADH5 (alcohol dehydrogenase
class-3), PKM2 (pyruvate kinase PKM), and AKR1B1 (aldose
reductase). Proteins with moderately increased expression in-
cluded CS (citrate synthase) and GAPDH (glyceraldehyde-3-
phosphate dehydrogenase). These two proteins are key regula-
tors of carbohydrate metabolism and energy. CS catalyzes the
first step in the citric acid cycle and is inhibited by high ratio ATP:ADP and GAPDH. It also catalyzes glycolysis initiation and
participates in nuclear events that include transcription, RNA
transport, DNA replication, and apoptosis. Likewise, other
proteins involved in carbohydrate metabolism were altered
in hepatocytes during DENV infection (Fig. 6, Table S3). The
down-regulation of the proteins involved in the glycolytic
pathway and TCA cycle suggests that DENV infection reduces
energy metabolism of the infected cells. Fig. 3S shows a
schematic representation of glycolysis, TCA cycle and fatty
acid biogenesis; and the specific point where each of the
reported enzymes act is labeled. Reduction in energy metabo-
lism is consistent with a previous report, demonstrating that
DENV infection promotes changes in mitochondrial bioener-
getics, causing an increase in cellular oxygen consumption
and decreased efficiency in ATP synthesis and ending in 20%
of decrement inATP content of the hepatic infected cells HepG2
[60]. Moreover, in the invertebrate host different studies
showed up-regulation of proteins involved in TCA and
glycolysis pathway, after 10 days of infection [19,21]. Howev-
er, the functional implications of these changes have not been
demonstrated and the divergence in directionality could be
host specific.
Considerable evidence indicates that viruses reprogram
the central carbon metabolism of the cell in order to facilitate
their replication. Alterations in the energy metabolism in
response to infection are not exclusive of DENV, other virus as
hepatitis C virus (HCV) induces overexpression of the glyco-
lytic pathway at 24 hpi, while these enzymes decreased
drastically at 48 hpi [61]. Interaction between the viral protein
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activity andmodulates glycolysis rate during HCV infection [62].
Similarly, influenza virus infection is dependent on glucose
metabolism, and the inhibitionof glycolysis limits viral infection
by decreased vacuolar ATPase activity [63]. Others viruses, as
HIV, HSV, mayaro and HCMV alter themetabolism of glucose in
their host cell using different ways [64].
Overall, themitochondrion is responsible for cellular energy
supply, regulation of apoptosis, and is associatedwith ER stress.
Therefore, protein homeostasis is particularly sensitive to
infections, resulting in oxidative stress and energy deficiency.
Our results showed that DENV infection alter the homeostasis
of cells, disturbing energy metabolism, RNA metabolism, and
oxidative stress, and activating UPR and apoptosis. However,
the molecular orchestration of these altered pathways remains
unclear. Recent studies identifying mitochondria as integrators
of cellular danger signaling [65] and a comprehensive study
of the role mitochondria in DENV infection should clarify
the mechanism(s) by which DENV impacts in the host cell
homeostasis.
Differential protein expression studies during DENV infec-
tion have revealed a complex process, which is dependent of
many variables: time of analysis, virus strain, cell target, and
detectionmethodology. Here, we identified 155hepatic proteins
altered in expression after 24 h of DENV infection; of these,
35 proteins have been previously reported (Table 1) and 120
proteins are novel. Among the coincidental proteins found
during DENV infection, GRP78 is the most consistent finding
and suggests that the virus induces up-regulationof this protein
in order to increase cellular survival. We observed that GRP78
expression increased 4.5 fold (Table S3). The up-regulation of
this protein was reported in K562 cells (myeloid leukemia cell
line) at 72 hpi [57], and in A549 cells (lung cancer cell line) at 24
hpi [66]. Furthermore, GRP78 was reported in the secretome of
HepG2 cells infected with DENV [18] and in the interactome
screening between NS5 viral protein and human proteins [27].
Using the 2YH system, Khadka et al. [24] found 105 human
proteins (from Huh7 cell line) that interact with dengue viral
proteins; coincidentally we found alterations in the expression
of seven proteins reported for these authors: matrin-3 (MATR3),
kinectin (KTN1), spectrin (SPTAN1), FN1 protein (FN1), SERPINH1,
catetin alpha 1 (CTNNA1) and phosphorglycerate kinase 1
(PGK1). MATR3 is a nuclear protein used by the HIV-1 virus to
assist the nuclear export and translation of viral mRNA [67].
KTN1 is an ER protein that extends the ER along microtubules,
and it is known that ER is a central organelle in DENV
replication. SPTAN1 is a scaffolding protein, while CTNNA1 is
an actin- and vinculin-binding protein. Both proteins are
involved in cell adhesion and motility and are part of the tight
junction pathway revealed by KEEG analysis (Fig. 5). Interesting-
ly, one key feature of severe forms of dengue is the increase of
vascular permeability. Recently, the disruption of tight junction
has been associated with pathogenicity of West Nile Virus and
DENV [68,69]. PGK1 is an enzyme of glycolytic pathway, as
mentioned above our data suggest that DENV infection induces
decrease of cell energy metabolism.
In the first proteomics study about DENV–host interaction,
Pattanakitsakul S. et al. [17] identified 17 altered proteins;
whereas in this work we found 155 proteins that change their
expression in response to infection. Both the previous studyand our current study revealed that expression of annexin 4
(ANX4), elongation factor 1 alpha-1 (EEF1A1), and V-type proton
ATPase subunit H (ATP6V1H) altered at 24 hpi.
More recently, the first quantitative proteomics study of
DENV infected A549 cells was analyzed by SILAC and mass
spectrometry [66]. This methodology is similar in resolution
and sensitivity to the label free LC/MS analysis used here. The
authors reported 69 proteins differentially expressed in the
cytoplasm and 57 in the nucleus of infected cells. However,
only three proteins coincide with our results: HSPA5, HYOU1
and PSAP. Possibly, as mentioned previously, the low coinci-
dence is due to the cell type-dependent response to virus
infection. Although dengue infection is well-supported by A549
cells, these cells do not represent a natural target for DENV and
the findings reported might be distinct from changes observed
in target cells.
As mentioned above, different studies reported several
proteins involved in DENV infection. In these investigations,
diverse cell types, different virus serotype or strains, and not
the same time of infection were used. Despite the differences
of experimental design, we found a substantial number of
coincident proteins (35) between these studies and our
results (Table 1). Given that our data are similar, we consider
that the lack of validation by a complementary methodology
is not so relevant. Thus, we compared our data with proteins
involved in other viral infections, and found 23 related proteins
(Table S4, in grey). Finally, similar proteins suggest a common
signature in the cell response after DENV infection and the
main coincidence of the data presented here with altered
proteins reported in hepatic cells suggest that the cross talk
between DENV and cell proteins could be cell type specific.5. Conclusion
In this work, we reported a differential proteomic analysis of
DENV-infected Huh-7 cells by label-free shotgun methodology.
We have shown that infection of hepatic cells induces changes
in expression of 155 cellular proteins, of these 120 are reported
here for the first time. Our data revealed significant changes in
the proteins associated with energy metabolism, RNA pro-
cessing and negative regulation of apoptosis. This large-scale
proteomics study provides valuable data for a better under-
standing of the roles played by host cell proteins during
infection. Notably, we evidence, for the first time, alterations
in the expression of many proteins involved in mitochondria
functions suggesting an important role of this organelle
duringDENV infection.Nevertheless, further functional analysis
is necessary.
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Table 1 – List of common proteins involved in DENV infection observed in different cells.
Gene
name
Uniprot
ID
Protein name Molecular function Methodology Cell type Reference
ACLY P53396 ATP-citrate synthase ATP-citrate synthase activity 2D-MS SG — A. aegypti [21]
ACO2 Q99798 Aconitate hydratase,
mitochondrial
Aconitate hydratase activity 2D-MS Midgut — A. aegypti [19]
ACTG1 Q96FU6 ATCG1 protein Structural constituent
of cytoskeleton
Y2H Human tissue
Human liver
[26,28]
ACTG1 P63261 Actin cytoplasmic 2 Structural constituent
of cytoskeleton
2D-MS
2D-MS
Midgut — A. aegypti
SG — A aegypti
[19,21]
ANX4 P09525 Annexin A4 Calcium ion binding 2D-MS
2D-MS
HepG2
Midgut — A. aegypti
[17,19]
ATP1B1 P05026 ATPase, Na+/k+
transporting,
β 1 polypeptide
Sodium:potassium-exchanging
ATPase activity
2D-MS SG — A aegypti [20]
ATP6V1H Q9UI12 V-type proton ATPase
subunit H
Proton-transporting ATPase
activity, rotational mechanism
2D-MS
Microarray
2D-MS
HepG2
HepG2
SG — A. aegypti
[17,15,20]
CLIC Q96S66 Chloride channel CLIC-like
protein 1
Chloride channel activity 2D-MS HepG2 [17]
CTNNA1 E5RGY7 Catenin α-1 Structural molecule activity Y2H Huh7 [24]
EEF1A1 P68104 Elongation factor 1-α 1 Protein synthesis 2D-MS
Y2H
2D-MS
Crosslink
2D-MS
HepG2
Human liver
Midgut — A. aegypti
C6/36
SG — A. aegypti
[17,28,19,51,52]
EIF2S1 P05198 Eukaryotic translation
initiation
factor 2 subunit 1 α
Functions in the early steps
of protein synthesis by
forming a ternary complex
with GTP and initiator tRNA
Western blot A549 [53]
FN1 P02751 Fibronectin Collagen binding Y2H Huh-7 [24]
GSTP1 P09211 Glutathione S-transferase P Glutathione S-transferase activity 2D-MS SG — A aegypti [21]
HNRNPC P07910 Heterogeneus nuclear
ribonucleoproteins C1/C2
Heterogeneous nuclear
ribonucleoprotein, binds
pre-mRNA and nucleates the
assembly of 40S hnRNP particles
complexes
2D-MS E.hy926 [49]
HNRNPH1 P31943 Heterogeneus nuclear
ribonucleoproteins H
Mediates pre-mRNA alternative
splicing regulation
2D-MS THP-1 [48]
HSP90AB1 P08238 HSP90 Molecular chaperone Y2H PBL [27]
HSPA1A P08107 Heat shock 70 kDa
protein 1A/1B
Molecular chaperone Microarray
2D-MS
HepG2
Midgut — A. aegypti
[15,20]
HSPA5 P11021 GRP78 Unfolded protein binding 2D-MS
Y2H
SILAC
2D-MS
K562
PBL
A549
HepG2
[57,27,66,18]
HYOU1 Q9Y4L1 Hypoxia up-regulated
protein 1
May play a role as a molecular
chaperone and participate in
protein folding
SILAC A549 [66]
ILF3 Q12906 Interleukin
enhancer-binding
factor 3
May facilitate double-stranded
RNA-regulated gene expression
at the level of post-transcription
Y2H Human tissue [25]
KTN1 Q86UP2 Kinectin Receptor for kinesin thus involved
in kinesin-driven vesicle motility
Y2H Huh7 [24]
LMNA P02545 Prelamin-A/C Nuclear assembly, chromatin
organization, nuclear membrane
and telomere dynamics
Y2H Human tissue [26]
MATR3 P43243 Matrin-3 May play a role in transcription
and in nuclear retention of
defective RNAs
Y2H Huh7
Human tissue
[24,26]
PABPC1 P11940 Polyadenylate-binding
protein 1
Binds the poly(A) tail of mRNA,
including that of its own
transcript
Y2H Human tissue [26]
PDHA1 P08559 Pyruvate
dehydrogenase E1,
mitochondrial
Pyruvate dehydrogenase activity 2D-MS SG — A. aegypti [21]
PGK1 P00558 Phosphoglycerate kinase 1 Glycolytic enzyme Y2H Huh7 [24]
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Table 1 (continued)
Gene
name
Uniprot
ID
Protein name Molecular function Methodology Cell type Reference
PSAP P07602 Prosaposin Lipid binding Y2H
SILAC
Liver tissue
A-549
[28,66]
PSMC1 P62191 26S protease
regulatory subunit 4
Proteosome complex Y2H
SILAC
Liver tissue
A-549
[27,66]
SERPINH1 P50454 Serpin H1 Binds specifically to collagen,
could be involved as a chaperone
in the biosynthetic pathway
of collagen
Y2H Huh7 [24]
SOD2 P04179 Superoxide dismutase Destroys superoxide anion
radicals
which are normally produced
within
the cells and which are toxic to
biological systems.
2D-MS HepG2 [18]
SPATN1 Q13813 Spectrin α chain,
non-erythrocytic 1
Involved in secretion, interacts
with
calmodulin in a
calcium-dependent
manner and is thus candidate for
the calcium-dependent move-
ment
of the cytoskeleton at the
membrane
Y2H Huh-7 [24]
STAT1 P42224 Signal transducer
and activator of
transcription 1-α/β
Signal transducer and
transcription
activator that mediates cellular
responses to IFNs), cytokine
KITLG/SCF and other growth
factors.
Y2H
Microarray
Liver tissue
HepG2
[28,15]
TMOD3 Q9NYL9 Tropomodulin-3 Blocks the elongation and
depolymerization of the actin
filaments at the pointed end
Y2H Liver and brain
tissue
[25]
TUBA1A Q71U36 Tubulin α-1A chain Tubulin is the major constituent
of microtubules
Y2H Liver and brain
tissue
[25]
VIM P08670 Vimentin Structural constituent
of cytoskeleton
Y2H
2D-MS
Human tissue
Endothelial cells
[26,49]
PBL: human peripheral blood leukocytes; A549: lung carcinoma cells, K562: myelogenous leukemia line; E.hy926: human umbilical vein cell line;
THP-1: monocytic cell line; SG: salivary glands.
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